Astrocytes are recognized as critical elements in the formation, fine-tuning, function and plasticity of neural circuits in the central nervous system. However, important questions remain unanswered about the mechanisms instructing astrocyte cell fate.
Introduction
Astrocytes are among the most numerous cells in the mammalian central nervous system (CNS), with protoplasmic astrocytes projecting highly ramified arbors of infiltrative processes among neuronal cell bodies and synapses (Bushong et al., 2004; Distler et al., 1991; Ogata and Kosaka, 2002) . Through extensive interactions with neurons, astrocytes employ a host of channels, receptors and transporters to maintain ion and neurotransmitter homeostasis, and modulate and respond to neuronal activity (Clarke and Barres, 2013) . Individual astrocytes may coordinate these activities within their micro-anatomical domain since astrocytes occupy exclusive territories with little or no overlap with their neighbors (Bushong et al., 2004; Distler et al., 1991; Halassa et al., 2007; Ogata and Kosaka, 2002) . In addition, astrocytes appear tailored for precise roles at region-specific circuitry: within the developing mouse spinal cord, astrocytes are spatially restricted according to their region of origin (Hochstim et al., 2008; Tsai et al., 2012) , providing local trophic support for neurons and spatially-encoded information that influences the formation and refinement of neural circuits (Molofsky et al., 2014) . Discovering the degree and precision with which astrocytes chart to specific CNS territories is a critical step toward understanding how domain-specific astrocytes locally regulate neural circuit formation and function.
It is well-appreciated that astrocytes emerge from complex interplay between cellintrinsic programs and extrinsic influences such as secreted or contact-dependent signals from neurons (for reviews see (Kanski et al., 2014; Molofsky et al., 2012) ).
For example, newborn neurons in mammals stimulate astrogenesis in progenitor cells by secreting the cytokine cardiotrophin-1 (Barnabe-Heider et al., 2005) , and by contact-mediated communication via the Notch signaling pathway (Namihira et al.,
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2009; Yoon et al., 2008) . Notch effectors include the bHLH Hes factors, which inhibit neurogenesis and promote STAT3, a direct activator of astrocytic genes (Kamakura et al., 2004) . Another Notch target, the nuclear factor NF1A, is critical for initiating astrogenesis through demethylation of astrocytic gene promoters that can then be bound by STAT3 for transcriptional activation (Deneen et al., 2006) . Despite recent progress, defining astrogenic pathways in vivo has been complicated by imperfect markers, and because astrocytes in mammals arise from multi-potent progenitors that generate neurons first (Molofsky et al., 2012) . For these reasons we investigated astrogenesis in vivo by using the Drosophila larva CNS, a relatively simple and genetically tractable model. The larval ventral nerve cord (VNC) has a defined number of identifiable glial cells (Beckervordersandforth et al., 2008) . This allows the precise positioning and emergence of astrocytes to be followed in exquisite detail, a key advantage compared to mammalian model systems.
Like their mammalian counterparts, Drosophila astrocytes extend processes infiltrating the synaptic neuropil, and tile with one another to occupy non-overlapping territories (Awasaki et al., 2008; Doherty et al., 2009; Omoto et al., 2015; Stork et al., 2014) . Drosophila astrocytes respond to neuronal activity with altered transporter expression and intracellular calcium dynamics (Muthukumar et al., 2014; Stork et al., 2014) , they influence CNS synapse number during neural circuit formation (Muthukumar et al., 2014) and modulate locomotor behavior, seizures and olfactory processing (Liu et al., 2014; Rival et al., 2004; Stacey et al., 2010; Stork et al., 2014) .
However, little is known about how Drosophila astrocytes are organized relative to specific regions of the synaptic neuropil, or of the key regulatory programs that govern the acquisition of astrocyte fate versus other glial cell types.
We report that larval astrocytes derive from a lineage that also gives rise to nonastroglial cells. Astrocytes are distinguished by their expression of the homeodomain transcription factor Prospero, known previously for its role in neuroblast lineages to halt stem cell division and initiate neuronal differentiation (Choksi et al., 2006; Vaessin et al., 1991) . We find that individual astrocytes are allocated to reproducible regions, and that their infiltrative arbors cover territories of the CNS neuropil that are remarkably stereotyped. Seeking factors essential for the differentiation of astrocytes, we find that Notch signaling is astrogenic, as it is in mammals, and that the Ets transcription factor Pointed is also required. However, only Notch signaling is sufficient to direct non-astrocyte progenitors toward astrocyte fate. We demonstrate that Prospero is a key effector of Notch in this process, identifying the NotchProspero program as a critical switch that is both essential and instructive to engage astrocyte differentiation during development.

Results
Longitudinal Glia generate astrocytes, ensheathing and ensheathing/wrapping glia Longitudinal glia (LG), exclusively derived from the Longitudinal Glioblast (LGB) (Beckervordersandforth et al., 2008; Schmid et al., 1999) , are thought to be the embryonic precursors of larval astrocytes, but no systematic high-resolution analysis has mapped their mature identities and organization in first-instar larvae (L1). We resolved this using AO75-lacZ ( Fig. 1A-B) , a specific reporter for embryonic LG (Beckervordersandforth et al., 2008) . As in embryos, we found it labeled 9 cell bodies per hemisegment at the interface between neuropil and cortex that were confirmed to be LG by co-labeling with Nazgul-nGFP, another LG reporter (Fig. 1A-C'' ) that also happens to be expressed in other glial cells such as cortex glia (Fig. 1B-B ', arrows) (Stacey et al., 2010) . We then examined subtypes among LG (Fig. 1C-C' '', stippled circles) and found that, as in embryos, six of the nine LG express Prospero (Griffiths et al., 2007; Griffiths and Hidalgo, 2004; Ito et al., 1995a) . Of the remaining three that did not (Fig. 1C, arrowheads) , one expressed Salm-lacZ (Fig. 1D-D ''', arrowheads) which in embryos marks the lateral posterior-LG (LP-LG) (Beckervordersandforth et al., 2008) .
We next assessed LG morphologies using the 'Blown-OUT' technique to visualize small clones of cells. Blown-OUT is akin to the Flp-OUT technique except it employs B3 recombinase instead of Flp to achieve site-specific recombination of a reporter transgene (Nern et al., 2011) . Using Eaat1-Gal4 and Nazgul-Gal4 (Table 1) , clones ranging in size from 1-8 cells were labeled with membrane-targeted RFP (myr-RFP). The only cell found in single-cell clones (Fig. 1G ) did not express Prospero (Fig. 1G inset) , formed a sheath over the dorsal aspect of the neuropil, and Development • Advance article wrapped a proximal portion of the intersegmental nerve, giving it features of both ensheathing and wrapping glia. Among 2-cell clones, 88% were pairs of Prospero + astrocytes extending infiltrative processes into the neuropil (Fig. 1E) . The remaining 12% of 2-cell clones did not express Prospero (Fig. 1F inset) and were pairs of ensheathing glia enveloping the ventral and medial aspects of the neuropil between neuromeres (Fig. 1F) . We confirmed that Prospero was not expressed in ensheathing and ensheathing/wrapping glia labeled with R56C01-Gal4 (Table 1, Fig. 1H ). These data confirm that the 9 embryonic LG in each hemisegment become six larval astrocytes (Prospero + ), 2 ensheathing glia, and 1 glial cell with combined ensheathing/wrapping features that we deduced to be the LP-LG based on its dorsomedial position (summary in Fig. 1I ).
Drosophila astrocytes infiltrate specific neuropil territories
To achieve a better understanding of astrocyte differentiation, the organization of astrocytes must be characterized. Astrocyte cell bodies consistently occupied particular regions around the neuropil (Fig. 1I ), comparable to their positions seen in third-instar larval VNC (Ito et al., 1995b; Kato et al., 2011; Stork et al., 2014) . Indeed, among the six astrocytes by hemisegment, three astrocytes are at dorsal positions; two are more laterally located whereas one is ventral. More significantly, we discovered that astrocytes in 2-cell clones were non-randomly paired since, based on the relative positions of their cell bodies, 90% could be classified into one of only three categories ( Fig. 2A-D) . Either both astrocytes in the pair were positioned dorsally (Cat.1 D/D; We then asked if regional allocation of astrocyte cell bodies was accompanied by their coverage of specific zones of the neuropil. As in many nervous systems, the Drosophila VNC neuropil displays spatial segregation of functionally distinct regions:
the dorsal neuropil harbors presynaptic terminals that converge onto motor neurons while the ventral region contains synaptic inputs from sensory neurons (Grueber et al., 2007; Landgraf et al., 2003a; Merritt and Whitington, 1995; Zlatic et al., 2003) . We systematically charted the territories covered by astrocyte arbors, mapping 2-cell Blown-OUT clones arbors with respect to their contact with Fas2-axon tracts ( 
Lineage mapping and diversification of LG
Reproducibility among astrocytes could stem from stereotyped births and migrations within the lineage. We never observed 2-cell clones pairing an astrocyte and an ensheathing glial cell, suggesting that the last divisions are symmetric. To further understand the lineage we examined Nazgul-nGFP with live imaging (Fig. 3A, C) . At its onset of expression (0min), four cells per hemisegment were labeled, and could be followed until embryos reached stage 16 (144min). In that time, each of these cells divided only once. These terminal divisions did not appear tightly coordinated or sequential ( Fig. 3C ). By comparing cell positioning of live cells at stage 16 versus fixed and labeled cells ( Fig. 3B) , we conclude that the 3 anterior-most progenitors seen at t=0 (red, orange, yellow) give rise to three pairs of Prospero + astrocytes, while the posterior-most progenitor (cyan) produces the pair of ensheathing glia (Fig. 3D ).
The idealized view of the LGB lineage we propose in Fig. 3D is supported by over 85% of the 4-cell clones we observed, as 62.9% were composed of the Cat.1D/D and Cat.2L/L pairs of astrocytes, while 22.9% consisted of the Cat.3D/V pair of astrocytes and the ensheathing glia pair. We could not track the origin of the LP-LG, the 9 th cell of the LGB lineage, as it became newly-labeled with Nazgul-nGFP with no visible progenitor (Fig. 3C , dark blue). Data suggest that LP-LG arises independently within the lineage and might derive from the asymmetric division of the LGB itself ( Fig.   3D ): i) it was the only LG found in single-cell clones (n=13), ii) it was never found in 2-cell clones and iii) none of the few 8-cell clones (n=3) we observed included LP-
LG.
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Astrocytes and ensheathing glia are distinguished by expression of Eaat1 and Eaat2
Astrocytes were shown recently to express the GABA transporter Gat (Stork et al., 2014) . Previously, the glutamate recycling enzyme Glutamine synthetase 2, (Thomas and van Meyel, 2007) and the N-β-alanyl-biogenic amine synthetase Ebony (Kato et al., 2011) were shown in Prospero + glia. Also, mRNA for Eaat1, the only Drosophila glutamate transporter (Besson et al., 2000) , and Eaat2, a transporter for taurine and aspartate (Besson et al., 2005; Besson et al., 2011; Besson et al., 2000) , were shown to be expressed in discrete subsets of glia in the embryonic CNS (Freeman et al., 2003; Soustelle et al., 2002; Stacey et al., 2010) . We raised antisera for Eaat1 and Eaat2, and found that Eaat1 antibody greatly labeled astrocytic membranes ( Fig. 4A-A3 ).
Ensheathing glia (Fig. 4 , blue brackets) and ensheathing/wrapping glia (Fig. 4, arrows) express lower levels of Eaat1 ( Fig. 4A-A3 ) and, more notably, express Eaat2
( Fig. 4A '-A3'). The latter was confirmed by selective RNAi knock-down of Eaat2 from ensheathing and ensheathing/wrapping glia ( Fig. 4C ) using the newly characterized R56C01-Gal4 ( Fig. 4E and Table 1 ). Therefore, subtypes of LG are specialized for the uptake and metabolism of different neuroactive molecules as summarized in Fig. 4D -E.
PointedP1 is required for astrogenesis
What molecular mechanisms promote acquisition of different glial identities? The ETS transcription factor PntP1 is specifically expressed in embryonic LG and required early for their proper differentiation (Klaes et al., 1994) . But whether PntP1 selectively contributes to the programs generating the distinct LG subtypes has to be Development • Advance article determined. To examine this, we induced RNAi knock down of pointed gene products (i.e. PntP1 and PntP2; (Klambt, 1993) ) in all LG using R25H07-Gal4 ( Fig. 4E and Table 1 ). At L1, these cells were mis-positioned to only the dorsal perimeter of the neuropil (Fig. 5D ), but they retained expression of the glial marker Repo (Fig. S1A-B , G) . Remarkably, the analysis of molecular markers to distinguish astrocytes (Prospero, Ebony, Gat, Eaat1 high ) from ensheathing glia (Eaat2, Eaat1 low ) revealed specific impairment of astrocyte differentiation. Prospero and Ebony, which are normally co-expressed in astrocytes (Fig. 5A-A' ), were lost ( Fig. 5D-D' ). Also lost were astrocytic processes within the neuropil labeled with a membrane-tethered GFP Fig. S1C and G) , but there were severe losses of Ebony (Fig. 5G-G' ) and, within the neuropil, losses of astrocyte infiltration (CD4-tdGFP+ membranes, Fig. 5H ), of Eaat1 (Fig. 5I2-I2' ) and of Gat (data not shown). We found Eaat1-labeled membranes gathered around the neuropil instead ( Fig. 5I2-I2' ), accompanied by broadened expression of Eaat2 ( Fig.   5I1 -I2'', brackets). This could result from expansion of ensheathing glia membranes upon loss of astrocytic membranes, or to the transformation of astrocytes into ensheathing glia. To distinguish these two possibilities, we used the Blown-OUT technique to visualize individual cells overexpressing Hairless (Fig. 5N) . We found that Prospero-negative Hairless-expressing clones with cell bodies in the positions of dorsal astrocytes adopted an ensheathing-like morphology with membranes at the interface of the neuropil and cortex (compare to control, Fig. 5M ), while clones of ensheathing glia were unaffected (data not shown). Altogether, our data indicate that Notch signaling is required for astrocyte differentiation, and that in the absence of Notch cells adopt an ensheathing glia-like profile at both the molecular and morphological levels.
What is the role of Prospero in this process? We found that RNAi knock-down of Prospero itself abolished Ebony expression (Fig. 5J -J') (Kato et al., 2011), and prevented astrocyte infiltration into the neuropil (Fig. 5K-L2' ). This was not the result of having fewer cells, since cell number and Repo expression were not affected ( Fig.   S1D and G). Therefore our results indicate that Prospero is not simply a marker for Development • Advance article developing astrocytes, it is also essential for astrocyte differentiation. On the other hand, Prospero knockdown also broadened expression of Eaat2 along the surface of the neuropil (Fig. 5L1-L2 '', brackets). Consistent with this, Blown-OUT clones had flattened appearance and did not infiltrate the neuropil (Fig. 5O ). This strongly supports the idea that impairment of astrocyte fate is accompanied by promotion of ensheathing glia fate instead. (Fig. S3 ). In controls (n=38), 86.8% were pairs of Prospero-positive astrocytes (Fig. S3A-A' ) while 13.2% of 2-cell clones were pairs of Prospero-negative ensheathing glia (Fig. S3C-C' ). Upon activation of Notch signaling with Notch ICD (n=25), 96% were pairs of Pros+ astrocytes ( Fig. S3B-D' ) and 4% were pairs of ensheathing glia -in these cases, the ensheathing glia did not express Prospero (Fig. S3D-D (Fig. S3D , white arrowhead) signifying that Prospero might be a key effector of Notch in this process. In keeping with this, we found Prospero knock down entirely mitigated the ability of Notch ICD to induce ectopic astrogenesis (Fig. 6E-F2 ). function were blocked by its antagonist Aop. In these conditions, animals were unable to hatch, and so were examined at stage 17 of embryogenesis ( Fig. 6G-H2 ). We found that Notch ICD could not induce Prospero or Ebony (Fig. 6G-G') or infiltration of the neuropil (Fig. 6H2) . Therefore pointed blockade renders LG incapable of becoming astrocytes in response to Notch. Since overexpression of PntP1 does not induce ectopic Prospero expression (data not shown), our data argues that the early role of PntP1 in the differentiation of LG allows Notch signaling to selectively induce Prospero in the subset that are fated to become astrocytes (Fig. 6I ).
Interplay of Pointed, Notch and Prospero in the control of astrogenesis
Prospero itself drives astrocyte differentiation
Others have shown that Prospero can activate glial gene expression (Choksi et al., 2006; Kato et al., 2011) , and our data here suggested that Prospero might play an active role in instructing astrocytic fate. We mis-expressed Prospero specifically in Prospero-negative LG using R56F03-Gal4 (Fig. 4E and Table 1 ). Remarkably, misDevelopment • Advance article expression of Prospero in these cells led to their ectopic expression of the astrocyte markers Ebony (Fig. 7C2-C3 arrowheads) and Gat (data not shown) compared to control ( fig. 7A1-A3 ), and caused these cells to grow Eaat1-positive astrocyte-like processes into the neuropil (Fig. 7C1-C1 ' and D4 compared to control Fig. 7A1-A1',   B4 ). This pro-astrocytic effect was accompanied by the loss of Eaat2 expression in all cells that normally express it (Fig. 7D4 ' versus control Fig. 7B4') . Based on this, we conclude that Prospero is both necessary and sufficient for astrogenesis.
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Discussion
We report the differentiation of Drosophila astrocytes from a multipotent glioblast that also gives rise to ensheathing glia. We provide new insight into the organization of the synaptic neuropil by discovering that Drosophila astrocytes are allocated to specific regions and cover stereotyped territories to form an astroglial map. In addition, we describe a program for astrocyte differentiation in which PntP1 allows Notch signaling to engage its key effector Prospero.
Allocation of larval astrocytes, and formation of a precise astroglial map
We have shown that Drosophila astrocytes are reliably allocated to consistent regions, as seen for mammalian astrocytes (Hochstim et al., 2008; Tsai et al., 2012) . Molecular heterogeneity among astrocytes could account for their distinct positioning but currently we have no evidence for it. Within these regions, astrocyte cell bodies appear imprecisely positioned and yet, to a surprising degree, their infiltrative arbors chart very precisely to particular regions of the neuropil. This specific topography of the 3 pairs of astrocytes delineate an astroglial map whose means of assembly are currently unknown. It seems predisposed by soma position, and is surely influenced by FGF-mediated arbor ingrowth (Stork et al., 2014) and tiling, yet because soma positioning is imprecise and FGF ligands are produced broadly within the neuropil, these cannot entirely account for such precise coverage. Future research will be needed to investigate additional mechanisms that could contribute to astroglial map formation, such as targeting of astrocyte arbors via local guidance cues, or tiling of neighboring astrocytes via mutual exclusion.
In mammals, astrocytes organize into exclusive spatial domains with limited overlap with neighbors, and this topography plays a role in the function of neural Development • Advance article networks (Lopez-Hidalgo and Schummers, 2014). In light of this it is intriguing that the dorsal region of Drosophila VNC neuropil harbors synaptic inputs onto motor neurons and the ventral region contains synaptic inputs from sensory neurons (Grueber et al., 2007; Landgraf et al., 2003a; Merritt and Whitington, 1995; Zlatic et al., 2003) . Thus, coverage of discrete territories by specific astrocytes could partition synapses in motor versus sensory neuropil, or perhaps into other functionally important subdivisions. During development, this might provide local spatial information to aid the maturation and refinement of neural circuits, and in the mature CNS this could create functionally isolated islands to provide localized balance and coordination of ions and neurotransmitters (Halassa et al., 2007) .
Astrocyte generation from a multipotent glioblast requires Pointed, Notch, and Prospero
Previously, division of the LGB was shown to be followed by the medial migration of its two daughter cells to positions just dorsal to the nascent longitudinal axon tracts (Jacobs et al., 1989) . Here, we provide evidence that one daughter cell gives rise to three sibling pairs of astrocytes and one pair of ensheathing glia. The other daughter cell is likely to give rise to the ensheathing/wrapping glial cell known as LP-LG in embryos. This is notably different from the adult Drosophila brain where astrocytes and ensheathing glia emerge from distinct post-embryonic lineages (Awasaki et al.,
2008), indicating several modes of generating astrocytes in Drosophila.
We identified three key factors for astrocyte differentiation also sufficient to switch the developmental fate of LG: the Ets protein PntP1, Notch signaling, and the homeoprotein Prospero. Our data support the idea that PntP1 has an early role in the differentiation of all LG (Klaes et al., 1994) and, through a mechanism currently Development • Advance article unknown, it allows productive Notch signaling to selectively instruct progenitors toward the astrocyte fate. Whether this astrogenic role for Ets family factors is conserved among species remains to be explored but it is noteworthy that glial defects in Drosophila pointed mutants can be rescued with vertebrate Ets-1 (Albagli et al., 1996) , and that Ets-1 regulates the formation of radial glia in Xenopus (Kiyota et al., 2007) .
We showed that in the absence of Notch signaling glial progenitors that should become astrocytes generate ensheathing glia instead. Conversely, Notch activation instructs cells that normally become ensheathing glia to acquire the morphology and molecular profile of astrocytes. These alternative glial fates are not due to the wellcharacterized role of Notch in asymmetric cell divisions, since astrocytes and ensheathing glia are born coincidentally from symmetric terminal divisions (Fig. 3) .
Instead, we propose they arise from Notch-dependent neuron-to-glial communication during embryogenesis. We previously found that Fringe sensitizes Notch to stimulation from developing axons bearing Delta, thus maintaining Prospero and Eaat1 expression in a subset of LG (Stacey et al., 2010; Thomas and van Meyel, 2007) . Knowing now that Prospero + cells develop into astrocytes, these data support the idea that astrogenesis is promoted by neuron-to-glial Notch signaling. Indeed, our discoveries here into how Drosophila astrocytes are born, how they infiltrate specific zones of the CNS neuropil, and how they differentiate in response to a specific astrogenic program will undoubtedly strengthen their utility as model system to study fundamental aspects of astrocyte biology and astrocyte-neuron interactions. 
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Materials and methods
Fly stocks and genetics
Immunohistochemistry and imaging
Late embryos and L1 larvae were dissected and prepared as described previously To quantify GFP+/Repo+ cells, the total number within 4 adjacent abdominal segments (from among A1-A7) was divided by 4, for each of 5 animals for every genotype.
Generation of Blown-OUT clones
Dr. Tzumin Lee generously provided an unpublished stock carrying heat shockinducible B3 recombinase (hs-B3) at attP18. Virgin hs-B3 females were crossed to males that were either w -;Eaat1-Gal4, . Mating adults were moved to grape juice-agar plates for 12h at 25°C, and L1 larvae were selected 0-2 h post-hatching and raised on fresh plates at . For better efficiency of GAL4-UAS, grape plates containing mating adults were maintained at 29°C till analyzed.
Live Imaging
Nazgul-nGFP embryos were collected for 3h and aged for 5h at 25°C, dechorionated manually, positioned on a Gas Permeable Slide Plate (Coy Lab Products) with ventral side up, mounted in halocarbon oil 27 (Sigma) under a coverslip and imaged on a
Olympus Fluoview FV1000/BX-63 confocal microscope every 8 minutes using dry 20X objective from stage 13 to 16.
Charting astrocytes and their territories
The positions of astrocytes around the neuropil were mapped relative to reference landmarks stained with anti-Fas2 (Landgraf et al., 2003b) . On each axis, the distance between these reference landmarks was normalized to 1, and then the nucleus of each astrocyte was plotted in relation to that distance. Landmarks for the dorsal-ventral axis were the fascicles Di and VL. For the medial-lateral axis they were the CNS midline and fascicle DL. For the anterior-posterior axis they were the transverse projection 1 (TP1) in adjacent segments. To chart the territories covered by astrocytes within the CNS neuropil, we catalogued their contacts with each one of seven identifiable Fas2-fascicles.
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Eaat1 and Eaat2 antibody production
Sequences encoding the extracellular loop of Eaat1 (aa117-195 of Eaat1-PA) or Eaat2
(aa131-226 of Eaat2-PA) were cloned into pGEX to produce N-terminal GST fusion proteins IPTG-inducible (0.2mM) in BL21 cells (Invitrogen). GST-Eaat1 and GSTEaat2 were purified with standard procedures for insoluble proteins (Rebay and Fehon, 2009 ). Purified GST-Eaat1 (1ug/ul) was injected into rabbits and GST-Eaat2 (0.5ul/ul) into guinea pigs. Sera were tested by immunolabeling on dissected CNS tissues from control animals, null mutants for Eaat1, and RNAi knock-down for Eaat2.
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